T he response to injury is a complex process that includes cellular and systemic components. The best-characterized cellular response to stress is the expression of heat shock proteins (Hsp). 3 These proteins are involved in the repair and stabilization of cellular processes affected by the insult. In particular, Hsps play a key role in the folding of stress-induced denatured polypeptides and in the solubilization of protein aggregates (1, 2) . The expression of Hsps after a mild stress renders cells more resistant to subsequent insults, a phenomenon that has been coined stress tolerance (2, 3) . Hsps also participate in basic cellular processes, including folding and translocation of newly synthesized polypeptides across membranes, disassembly of clathrin cages, and stabilization of nuclear receptors (2) . Recently, Hsps have been shown to modulate the functions of APCs (4, 5) . Treatment of cells with geldanamycin (GA), a specific inhibitor of the Hsp90 family (6) , is a common experimental approach to evaluating the role of Hsp90 in specific cellular processes. In addition, GA treatment results in induction of Hsps because heat shock factor-1 (HSF-1), which activates the transcription of these genes, is associated with Hsp90 under nonstressed conditions. Upon stress or after GA treatment, the HSF-1/Hsp90 complex dissociates, and HSF-1 is phosphorylated, trimerized, and translocated into the nucleus, where it activates the transcription of genes encoding for Hsps (7, 8) .
The systemic response to injury is mediated by the activation of the hypothalamic-pituitary-adrenal and sympatho-adrenal-medullary axes, resulting in the induction of an inflammatory response (9, 10) . The inflammatory process is characterized by the release of cytokines, chemokines, and lipid mediators, which trigger a cellular response by interacting with surface receptors on target cells (11) . Binding to their specific receptors results in activation of a signal transduction pathway that ultimately allows the expression of other genes involved in the inflammatory and repair processes and in homeostasis restoration. Thus, the expression of these surface receptors may also be modulated by the stress response in an attempt to cope with the environmental changes imposed by the alteration of normal conditions. Professional phagocytes, such as macrophages (Ms), monocytes, dendritic cells, and polymorphonuclear leukocytes, play a key role in the development of inflammatory and immune responses. These cells actively participate in the clearance and neutralization of infective agents, necrotic cells, and apoptotic cells and in the synthesis of mediators that modulate the stress response. Phagocytosis is initiated by the recognition of foreign particles or apoptotic cells by specific receptors on the cell surface. For example, IgG-opsonized particles bind to Fc␥R on the M surface, resulting in the engulfment and internalization of the ligands. Phagocytosis requires actin rearrangement (12) and activation of Src and Syk tyrosine kinases (13, 14) , Rho GTPases (15), PI3K, and phospholipases A 2 , C, and D (16 -18) . The engulfment of the phagocytic ligand is mediated by internalization of the plasma membrane, resulting in a vesicle called a phagosome, which is targeted to the lysosomal compartment for degradation (19, 20) . The question that emerges is whether this phagocytic process is modulated by components of the cellular stress response, such as Hsps. In the present study we show an enhancement of phagocytosis after treatment of Ms with GA or after heat shock (HS), suggesting that Hsps modulate the phagocytic process.
Thus, this increase in phagocytic capacity may be related to a rapid clearance of pathogens and apoptotic cells after injury.
Materials and Methods

Reagents
Actinomycin D (AcD), N-acetylcysteine (NAC), diphenylene iodonium (DPI), 5-5Јdithio-bis 2-nitro benzoic acid (DTNB), GA from Streptomyces hygroscopicus, MTT, and NBT were purchased from Sigma-Aldrich. FITC-labeled Escherichia coli (K-12) particles, Staphylococcus aureus (wood strain without protein A) particles, latex beads (2 m diameter), BioParticle opsonizing reagent, and Alexa Fluor 532-conjugated phalloid toxin were purchased from Molecular Probes. Abs against Hsp90 (SPA-830), glucose-regulated protein 94 (Grp94) (SPA-850), constitutive heat shock protein 70 (Hsp70) (SPA-810), and Hsc70 (SPA-820) were purchased from StressGen Biotechnologies.
Cell culture conditions and treatments
The murine macrophage cell line J774A.1 was obtained from American Type Culture Collection and was cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 10 IU/ml penicillin, and 10 g/ml streptomycin at 37°C with 5% CO 2 in a humidified incubator. Cells were plated at least 16 h before the experiments. Cells were treated with GA (1 g/ml) for up to 5 h at 37°C. HS was performed by incubation of the cells for 1.5 h at 42°C, followed by a recovery period at 37°C.
Phagocytosis assay and visualization of internalized particles
Particles were opsonized by incubation with commercial IgG for 0.5 h at 37°C. Cells (2 ϫ 10 5 /well) were incubated in RPMI 1640 complete medium for 16 h. Cells were washed twice with sterile PBS and incubated with serum-free (SF) medium (RPMI 1640 supplemented with 1% penicillin/streptomycin) for 0.5 h at 37°C. Phagocytosis was evaluated by incubation of cells with 50 l of FITC-conjugated IgG-coated particles (70 g/ml) for 2 h at 37°C. The medium was removed, and cells were washed twice with SF medium and PBS. To quench noninternalized signal, cells were incubated with trypan blue (1 min at 25°C). The intensity of the internalized signal (IS) was measured using a fluorometer (excitation, 480 nm; emission, 520 nm) and normalized by the number of live cells in each well as estimated by the MTT assay. Results were expressed as the phagocytic index (IS/MTT). To visualize phagocytosed particles, cells (0.5 ϫ 10 6 on a glass cover slide) were subjected to the phagocytic procedure described above and fixed with 4% paraformaldehyde (PFA) for 10 min at 25°C. Slides were mounted using 3.9% 1,4-diazabicyclo[2,2,2]octane in permaFluor aqueous mounting medium in the presence of trypan blue and visualized using a fluorescent microscope.
Immunostaining and F-actin visualization
Cells (0.5 ϫ 10 6 cells/slide) were fixed with 4% PFA and permeabilized (when indicated) with cold acetone (15 s). Nonspecific binding was blocked by incubation with 30% human serum, 0.1% BSA, 1% fish gelatin, 5 mM EDTA, and 0.2% Tween 20 in PBS for 0.5 h at 4°C. Cells were incubated with primary Abs (1/200 dilution) for 1 h at 4°C, extensively washed with 30% FBS and 0.2% Tween 20 in PBS, and incubated with secondary Abs (1/1000 dilution) for 0.5 h at 4°C. Nuclei were stained with 4Ј,6-diamido-2-phenylindole hydrochloride (DAPI; 15 s, 25°C), and cells were visualized using a fluorescent microscope. The presence of F-actin was detected in acetone-permeabilized cells by incubating with Alexa Fluor 532-conjugated phalloid toxin (1/1000) for 0.5 h at 4°C.
Quantification of F-actin formation
F-actin formation was quantified by detecting the bound signal of Alexa Fluor 532-conjugated phalloid toxin as previously described (21) . J774 cells (1 ϫ 10 6 cells/glass cover slide) were fixed in 3.7% formalin and 1% Triton X-100 (10 min, 25°C), followed by incubation with 0.2 M Alexa Fluor 532-conjugated phalloid toxin (30 min, 25°C). Cells were washed extensively with PBS and incubated with 2 g/ml DAPI (10 min, 25°C). F-actin-bound fluorescent phalloid toxin was extracted with 300 l of methanol, and the IS of both Alexa Fluor 532 (excitation, 525 nm; emission, 550 nm) and DAPI (excitation, 355 nm; emission, 458 nm) were measured by fluorometry. The values for F-actin were normalized by the DAPI signal.
Fc␥R quantification by flow cytometry
One million cells were fixed in 1% PFA and incubated with FITC-conjugated CD16/CD32 Ab (1/200 dilution) for 1 h at 4°C. Cells were analyzed using a FACSort and CellQuest software (BD Biosciences).
Western blotting
Cells were washed twice with cold 50 mM ␤-glycerol phosphate (pH 7.3) (containing 1.5 mM EGTA, 1.0 mM EDTA, 0.1 mM sodium vanadate, 1.0 mM benzamide, and 2 g/ml pepstatin A), scraped, lysed in 300 l of 20 mM Tris-HCl (pH 7.4) (containing 137 mM NaCl, 10% glycerol, 0.1% SDS, 0.5% deoxycholate, 1% Triton X-100, 2.0 mM EDTA, 4 mg/ml trypsin inhibitor, 1 mg/ml benzamide, 5 mol/ml leupeptin, 200 M sodium vanadate, 100 nM okadaic acid, and 1 mg/ml PMSF), for 0.5 h at 4°C, and centrifuged (15 min, 5800 rpm at 4°C). The protein concentration in the supernatant was determined by the bicinchoninic acid method (Pierce). Total proteins (50 g) were separated by SDS-PAGE and transferred onto a nitrocellulose membrane (400 mA for 3 h). Membranes were blocked with 5% nonfat milk/3% BSA in TBS (pH 7.4) for 1 h at 25°C. Primary Abs (1/5000 dilution in TBS) were incubated for 16 h at 4°C. Membranes were rinsed twice with washing solution (0.3% Tween 20 and 0.05% Nonidet P-40 in TBS; pH 7.4), and incubated with HRP-conjugated secondary Abs (1/25,000 in TBS) for 2 h at 4°C. Proteins were detected using the SuperSignal chemiluminescent detection kit (Pierce).
Northern blotting
Total RNA was isolated using 1 ml of TRIzol reagent (Invitrogen Life Technologies). RNA (10 g) was separated in formaldehyde-agarose gels and transferred onto a nylon-modified membrane (GeneScreen Plus; PerkinElmer). Blots were hybridized at 42°C with a cDNA probe radiolabeled by the random primer method (22) using [␣-
32 P]dATP and [␣-
32 P]dCTP, as previously described (23) . Blots were washed twice at 42°C with washing solution I (6ϫ SSC/1% SDS), followed by two washings with washing solution II (2ϫ SSC/0.1% SDS). The signal was detected using the Molecular Dynamics phosphor screen system (3 h).
Superoxide anion (O 2 ⅐Ϫ ) production (NADPH oxidase activity)
Detection of O 2 ⅐Ϫ was performed by incubating J774 cells (1 ϫ 10 6 ) for 1 h at 37°C with 2% NBT dissolved in SF medium in the presence or the absence of 10 M DPI, an NADPH oxidase inhibitor. Cells were washed twice with PBS, harvested in 500 l of PBS, pelleted (2 min at 5000 rpm), and lysed with 100 l of 50% acetic acid. Formazan suspensions were dissolved by sonication (15 s, 2 A), and absorbance was measured at 560 nm. Values were rectified by the protein content in each well. NADPH oxidase activity was expressed as percentage of total intracellular O 2 ⅐Ϫ production and calculated as: NBT Ϫ (NBT ϩ DPI).
Total thiol levels
Total thiol levels were determined as described by Ellman and Lysko (24) . In brief, Ms (1 ϫ 10 6 ) were treated with 250 l of cold 6% TCA and centrifuged (5 min, 4°C, 5000 rpm). An aliquot of the supernatant (100 l) was mixed with 2% Na 2 HPO 4 and 0.04% DTNB, and absorbance was immediately measured at 412 nm. Values were rectified by protein content in each sample and expressed as a percentage of the value for control or untreated cells.
Results
Phagocytosis is enhanced upon treatment of murine Ms with GA, which depends on gene expression
Murine Ms (J774 cell line) were treated with GA (1 g/ml) for 0 -3 h, and phagocytosis was monitored by incubation with IgGopsonized FITC-conjugated S. aureus particles (2 h at 37°C). Cells were washed extensively with PBS to remove nonphagocytosed particles and then were incubated with trypan blue to quench any remaining signal from noninternalized particles. Subsequently, the signal corresponding to internalized particles was measured using a fluorometer. An increase in phagocytosis (presented as the phagocytic index) was observed to be proportional to the time of GA treatment compared with nontreated cells (t ϭ 0). Under these conditions, 95% of opsonized particles were internalized as detected by immunostaining with anti-IgG Ab. The increase in phagocytosis was reduced by coincubation with the transcription inhibitor AcD (Fig. 1A) or with the translation inhibitors (cycloheximide or purinomycin), suggesting that gene expression was required. Cells treated with AcD alone were not different from untreated cells (Fig. 1A) . Alternatively, phagocytosis was visualized by fluorescent microscopy under the conditions described above, confirming the preceding observations (Fig. 1B) . The same enhancing effect of GA on phagocytosis was observed for opsonized (IgG or fresh human serum) E. coli particles or latex beads. Other Hsp90 inhibitors, such as herbamycin A (HA) and radicicol (RD), reproduced the AcD-sensitive increase in phagocytosis observed with GA (data not shown). Phagocytosis of nonopsonized bacterial particles or latex beads increased after GA treatment, although this increase was smaller than that observed for opsonized particles. Thus, the GA-associated increase in phagocytosis was observed at different concentrations of phagocytic ligands and after different periods of incubation with opsonized particles (data not shown). Finally, other M lines, such as Raw.264 and ANA-1, displayed the same effect of GA on phagocytosis as J774 cells (data not shown). Hence, the effect of GA on phagocytosis appears to be a general event that is independent of ligand or grade/type of opsonization and requires gene expression.
Increase in phagocytosis after GA treatment correlates with expression of Hsps
The preceding observations suggest that gene expression is required for the effect of GA on phagocytosis. Hsps are expressed after GA treatment because Hsp90 is a negative regulator of HSF-1 (7, 25, 26) . To document that indeed treatment with GA under our working conditions induced the expression of Hsps, we followed the appearance of Hsp70, the inducible member of the Hsp70 family. Hsp70 expression is the most appropriate and sensitive marker of the HS response, because this gene is not expressed in nonstress conditions. Cells (J774) were incubated with GA (1 g/ml) for 1, 3, and 5 h. An increase in Hsp70 mRNA levels was observed within 1 h of GA treatment ( Fig. 2A) , followed by the appearance of the protein between 3 and 5 h of treatment (Fig. 2B) . No detectable levels of Hsp70 were observed when cells were treated with GA in the presence of AcD (data not shown). In contrast, GA treatment did not significantly alter the expression of Hsp90, probably due to the great abundance of this protein (Fig. 2B) . Neither Grp94 nor Hsc70 levels were increased after GA treatment, which is consistent with the fact that these genes are not induced by HSF-1. Moreover, levels of ␤-actin were not affected during GA treatment (Fig. 2B) . Detection of Hsp70 by immunostaining indicated the appearance of Hsp70 in close proximity to cellular membranes (Fig. 2C) . Hsp70 did not colocalize with calnexin (an endoplasmic reticulum marker), GM130 (a trans-Golgi marker) or transferrin (an early/recycling endosome marker; data not shown). Thus, these results suggest that GA treatment indeed induces Hsp70, as previously established (7, (25) (26) (27) .
HS also enhances phagocytosis of IgG-coated particles
If Hsps play a role in the regulation of phagocytosis, it would be expected that their induction by hyperthermia would result in an increase in phagocytosis. Thus, J774 cells were thermally stressed at 42°C for 1.5 h and recovered at 37°C for 3, 6, and 24 h. The phagocytosis assay was performed as described above, using FITC-conjugated E. coli IgG-coated particles (2 h at 37°C). Our results showed an increase in phagocytosis after HS (Fig. 3) , which was blocked by the presence of AcD during HS (Fig. 3B) , indicating that gene expression was also required for the increase in phagocytosis following the stress. Binding of opsonized particles to the M surface without significant internalization was observed immediately after HS treatment (Fig. 3A) . A small increase in phagocytosis was observed after a short recovery period following HS. This increase was also observed in cells incubated with AcD, suggesting that the effect may be related to hyperthermia rather than to Hsp expression (Fig. 3B) . The small increase in phagocytosis could also be related to internalization of the particles that were bound, but not internalized, during HS (Fig. 3A) . To evaluate FIGURE 1. GA treatment resulted in an increase in phagocytosis that was sensitive to AcD. Cells (2 ϫ 10 5 ) were incubated with SF medium (0.5 h, 37°C), followed by incubation with GA (1 g/ml) for 0 -3 h at 37°C. Then cells were incubated with FITC-conjugated S. aureus IgG-coated particles (70 g/ml) in SF medium for 2 h at 37°C. Cells were extensively washed with PBS, and any remaining noninternalized signal was quenched by incubation with trypan blue for 1 min at 25°C. The internalized signal was measured by fluorometry (, 480 -520 nm) and was normalized by the number of viable cells in each well as measured by MTT assay. Results are expressed as the phagocytic index (IS/MTT). Cells were incubated in parallel with GA (1 g/ml) and AcD (10 g/ml) or with AcD alone, and phagocytosis was measured as described above (A). Statistical analysis was performed by one-way ANOVA, followed by Newman-Keuls test. ‫,ء‬ p Ͻ 0.05 vs untreated cells (time zero); #, p Ͻ 0.05 vs GA-plus AcD-treated or AcDtreated cells. Alternatively, phagocytosis was visualized by fluorescent microscopy after 3 h of incubation with GA, AcD, or GA plus AcD (B). FIGURE 2. GA treatment resulted in an increase in Hsp70 expression. J774 cells were incubated with GA (1 g/ml) for 0 -5 h, and total RNA (6 ϫ 10 6 ) was extracted and analyzed by Northern blotting for Hsp70 mRNA detection (A), or cells were lysed (6 ϫ 10 6 ) for Western blot analysis of Hsp70, Hsp90, Grp94, Hsc70, and ␤-actin (B). Cells were incubated without (control cells) or with GA for 5 h and were permeabilized with acetone. The presence of Hsp70 was visualized using an anti-rabbit Hsp70 Ab (1/200, 1 h, 4°C) , followed by FITC-conjugated Ab (1/1000, 0.5 h, 4°C) under a fluorescent microscope (C).
whether the increase in phagocytosis after GA treatment and that after HS were due to the same mechanism, J774 cells were administered HS (42°C, 1.5 h), allowed to recover at 37°C for 24 h, and later treated with GA (1 g/ml) for 1-4 h. There was a significant increase in IgG-coated particle phagocytosis after HS/24-h recovery compared with that in non-HS cells. However, phagocytosis was not further increased after subsequent treatment with GA (Fig. 4) , suggesting that GA and HS modulate phagocytosis by a similar mechanism. In addition, the effect of GA is unlikely to be due to direct inhibition of Hsp90 function.
Increase in phagocytosis after GA treatment is not due to an increase in binding of opsonized particles
To understand the possible mechanism involved in the increase in phagocytosis after GA treatment, we investigated whether binding of fluorescent IgG-opsonized particles to the M surface was modified after GA treatment. Cells (J774) were incubated with GA for FIGURE 5. Binding of opsonized E. coli particles to M surface was not affected by GA treatment. J774.A1 cells were incubated in the absence or the presence of GA, GA plus AcD, or AcD for 1-5 h, followed by incubation for 0.5 h at 4°C. Cells were then incubated with prechilled FITC-conjugated E. coli IgG-coated particles for 1 h at 4°C. Cells were washed twice with cold PBS, and the presence of the opsonized particle was visualized using a fluorescent microscope (A) or was quantified by fluorometry (B). Values were normalized by the number of viable cells in each well as measured by the MTT assay, and results are expressed as E. coli binding at 4°C (IS/OD MTT). Statistical analysis was performed by one-way ANOVA, followed by Newman-Keuls test. ‫,ء‬ p Ͻ 0.05 vs control or untreated cells.
FIGURE 6.
An increase in phagocytosis after GA treatment did not correlate with an increase in Fc␥R levels. J774 cells were incubated with GA (1 g/ml), AcD (10 g/ml), a combination of GA and AcD, or in the absence of any drug for 3 h. Detection of Fc␥Rs was made by immunostaining in nonpermeabilized cells using anti-mouse CD16/CD32 Ab (1/ 200 dilution, 0.5 h, 4°C; A). Quantification of the cell surface expression of Fc␥Rs was performed by FACS analysis (B).
FIGURE 3.
HS resulted in an increase in phagocytosis, which was sensitive to AcD. J774 cells were administered HS (42°C, 1.5 h) and allowed to recover at 37°C for 3, 6, or 24 h. AcD (10 g/ml) was added at the beginning of HS and remained for 6 h during the recovery period. Phagocytosis was measured using FITC-conjugated E. coli IgG-coated particles. Internalization of opsonized particles was monitored by fluorescent microscopy at the end of the HS period (HS/0 h) or after HS and 3 h of recovery (HS/3 h; A) or was quantified using a fluorometer (B). The internalized signal was normalized by the number of viable cells in each well and was expressed as the phagocytic index (IS/OD MTT). Statistical analysis was performed by one-way ANOVA, followed by Newman-Keuls test. ‫,ء‬ p Ͻ 0.05 vs untreated cells; #, p Ͻ 0.05 vs GA-treated cells. 0 -5 h at 37°C, then incubated at 4°C with prechilled SF medium for 0.5 h and exposed to prechilled FITC-conjugated E. coli IgGcoated particles for 1 h at 4°C. Cells were washed at 4°C with cold PBS and fixed. Cell surface binding was visualized by fluorescent microscopy (Fig. 5A ) or quantified using a fluorometer (Fig. 5B ). No differences in particle binding to the cell surface were observed between untreated cells (control) or GA-treated cells within 5 h of incubation (Fig. 5) . The addition of AcD (10 g/ml) in the presence or the absence of GA did not alter the binding of FITCconjugated IgG-coated particles at 4°C (Fig. 5B) . To corroborate these observations, we evaluated the effect of GA treatment on the cell surface expression of Fc␥R, which is the receptor for opsonized IgG particles. No changes in receptor levels were detected by immunostaining (Fig. 6A) or FACS analysis (Fig. 6B) after GA treatment compared with control cells. Neither treatment of cells with AcD nor with the combination of AcD and GA modified the surface expression of Fc␥Rs within 3 h of treatment. These observations suggest that the increase in phagocytosis after GA treatment is unlikely to be due to an elevation in the number of receptors on the cell surface.
Increase in phagocytosis observed after GA treatment is not due to an elevation in oxidative stress
Previous studies have shown that treatment of cells with GA results in the production of reactive oxygen species (ROS) and the activation of oxidative stress secondary to the metabolism of this drug via cytochrome P450 (28, 29) . Thus, the effect of GA on phagocytosis could be due to early generation of ROS. To evaluate the effect of oxidative stress on the GA-induced increase in phagocytosis, cells were incubated (1-3 h, 37°C ) with or without GA in the presence of NAC (1 mM). NAC is a precursor for reduced glutathione and a strong nonenzymatic antioxidant. The phagocytic assay was performed, as described above, using FITC-conjugated E. coli IgG-coated particles. GA treatment resulted in increased phagocytosis even in the presence of NAC (Fig. 7A) , suggesting that oxidative stress does not factor into the GA effect. Treatment of cells with GA (1 g/ml, 1-5 h) did not reduce nonenzymatic intracellular antioxidant capacity, measured as total thiol levels (Fig. 7B) , indicating the lack of oxidative damage. Treatment of cells with RD, a nonquinone Hsp90 inhibitor, also resulted in an AcD-sensitive increase in phagocytosis, confirming that oxidative stress was not involved in this effect (Fig. 7C) . Finally, activation of NADPH oxidase, which has been shown to occur during phagocytosis, was monitored. This enzyme is responsible for massive production of ROS in myeloid cells upon activation (30) . J774 cells were incubated with or without GA (1 g/ ml, 3 h), medium was removed, and 0.2% NBT solution was added (1 h, 37°C) in the presence or the absence of DPI, an NADPH oxidase inhibitor. GA treatment alone did not result in a significant increase in NADPH oxidase activation compared with control or untreated cells (Fig. 7D) . However, higher total O៛ production was observed in GA-treated cells, probably due to cytochrome P450 metabolism of this drug (data not shown). The addition of IgGcoated latex beads resulted in a significant increase in NADPH oxidase activation, which was higher in GA-treated vs control cells (45 and 22% over basal levels, respectively). In summary, these results showed that the effect of GA on phagocytosis was unlikely to be due to changes in the redox status of Ms. 
An increase in actin polymerization is observed after GA treatment or HS
Actin polymerization is part of the mechanism associated with the internalization of particles by phagocytosis. We investigated whether treatment with GA or HS induced F-actin formation, as visualized using fluorescent-conjugated phalloid toxin. J774 cells were either incubated with GA (1 h) or subjected to HS (42°C, 3 h), fixed with 4% PFA, permeabilized with cold acetone, and incubated with Alexa Fluor 532-conjugated phalloid toxin (1/1000 dilution, 30 min). Very low levels of F-actin were observed in control cells. Both GA treatment and HS resulted in a significant increase in actin polymerization surrounding the plasma membrane (Fig. 8A) . Actin polymerization after both GA treatment and HS was reduced by coincubation with AcD (10 g/ml), although no F-actin formation was observed in the presence of AcD alone. These results suggest that actin polymerization is probably secondary to the expression of new genes (i.e., Hsps) after GA or HS treatment. To substantiate these findings, J774 cells were incubated with GA for different time periods, and F-actin levels were quantified as described in Materials and Methods. No differences in F-actin formation were observed between cells incubated for 15 min with GA or GA plus AcD compared with untreated (control) cells in the presence or the absence of phagocytic ligands (IgGcoated latex beads; Fig. 8B ). This short period of incubation with GA did not result in a significant increase in Hsp70. When the treatment was prolonged for 1.5 h, an increase in actin polymerization was observed in GA-treated cells compared with cells coincubated with GA and AcD or untreated cells (Fig. 8C, time zero) . The addition of IgG-coated latex beads to these treated cells resulted in an additional increase in F-actin levels, which was proportional to the prestimulation level (Fig. 8C) . Thus, the kinetics of F-actin formation under these conditions (with or without coincubation with AcD) were also different from those observed in untreated cells after incubation with IgG-coated latex beads (Fig.  8C ). Similar observations were made after treatment of cells with HA or RD (data not shown).
Discussion
Phagocytosis plays an important role under normal and pathological conditions. For example, apoptotic cells that appear as part of tissue remodeling are cleared by phagocytosis. Phagocytosis is also necessary for the rapid clearance of pathogens, necrotic tissue, and stress-induced apoptotic cells. The rapid clearance of foreign particles and damaged cells accelerates the repair process and reduces the activation of a secondary inflammatory response, thereby contributing to improved survival. Another component of the response to injury that improves survival is the expression of Hsps. Up until now, the relationship between phagocytosis and Hsp expression was not well documented. In the present study we showed increases in phagocytosis after HS and after GA treatment, both of which required gene expression. Thus, Hsps probably modulate the phagocytic process. It appears that these two conditions, GA treatment and HS, follow the same mechanism, because their combination did not result in an additive or synergistic effect on phagocytosis. Previous studies have suggested that the effects of GA may be mediated by oxidative stress, because this molecule, which contains a quinone group, is metabolized by the cytochrome P450 complex, thereby generating ROS (28) . We observed a similar increase in phagocytosis upon incubation with HA and RD, which are also inhibitors of Hsp90. Because RD lacks the quinone group, it is unlikely that the effect of Hsp90 inhibition on phagocytosis is mediated by the activation of oxidative stress.
Phagocytosis is initiated by the recognition of foreign particles or damaged cells by specific receptors on the M surface. This initial event is followed by the engulfment and internalization of the ligand by plasma membrane-derived structures, which are sealed into vesicles called phagosomes. These phagosomes undergo a maturation process characterized by interaction with the endosomal compartment and targeting to lysosomes. Our results showed Hsp70 in close proximity to the plasma membrane and in vesicle-like structures upon treatment with GA. The subcellular localization of Hsp70 after GA treatment was not completely identical with that observed after HS, which displayed a more diffuse pattern, although membrane staining has been observed (31). The major difference between HS and GA treatment is the appearance during HS of denatured polypeptides, the natural substrates for Hsp70. In contrast, GA does not induce massive amounts of unfolded polypeptides, leaving Hsp70 free to interact with other cellular targets, such as membranes. In support of this assumption, early studies have shown that Hsp70 is capable of interacting with membrane lipids (32) . Recently, Hsp70 was shown to interact with phosphatidylserine with high specificity (33) . This lipid is a major component of the cytosolic side of cellular membranes. Although Hsp70 is a strong candidate to mediate the enhancement of phagocytosis after GA treatment or HS, we cannot discard the possibility that other proteins induced during these conditions are involved.
Formation of the phagosome is driven by actin polymerization. We have also observed an increase in F-actin in close proximity to the plasma membrane after HS or GA treatment in the absence of phagocytic ligands. Detection of F-actin in cells treated with GA was elevated compared with that in control cells and was reduced by coincubation of GA with AcD, suggesting that a molecule(s) expressed after GA treatment may trigger actin polymerization even in the absence of phagocytic ligands. We speculate that this preassembly of actin polymers may accelerate the phagocytic process upon recognition of the foreign particle. Previous reports have shown actin polymerization after HS (34, 35) or GA treatment (36, 37) . Hsp70 and Hsp90 have been shown to be recruited in close proximity to actin filaments and microtubules during stress conditions (38) . The interaction of Hsp70 with tubulin, intermediate filaments, and microtubules has also been reported (39, 40) . Hsp90 has been proposed to be involved in stabilization of the cytoskeleton due to its interaction with actin (41), tubulin (42), intermediary filaments (43) , dynein (44) , proteins (40) , and calponin (45) . Small Hsps, particularly Hsp27, have also been implicated in different aspects of actin polymerization (46, 47) . Expression of Hsp27 was correlated with an increase in F-actin within plasma membrane ruffling, pinocytosis, and accumulation of stress fibers (46) as well as with enhanced endothelial cell migration (48) . Moreover, it has been suggested that phosphorylated Hsp27 stabilizes the actin network at the base of lamellipodia (48, 49) . Thus, it is likely that the expression of Hsps by inhibition of Hsp90 function (GA treatment) or after HS modulates cytoskeleton organization. This Hsp-related alteration of the cytoskeleton might be responsible, at least in part, for the increase in phagocytosis. Thus, higher rates of phagocytic vesicle formation or phagosome maturation may contribute to the acceleration of the phagocytic process. This assumption is consistent with our observations that neither binding of opsonized particles to the cell surface nor the presence of Fc␥Rs on the plasma membrane was increased upon GA treatment. Moreover, no oxidative stress or NADPH oxidase activation was observed upon incubation with GA, suggesting that a ROSrelated mechanism is not involved in the increase in phagocytosis.
In summary, our observations indicate that phagocytosis is enhanced during stressful conditions. This increase in phagocytosis may be due to more efficient engulfment or trafficking of the phagocytic vesicles, rather than to elevated binding of particles to the cell surface. In fact, we have previously shown that GA treatment of Ms resulted in accelerated disappearance of CD14 from the cell surface (27) . GA treatment has also been associated with alterations in cellular trafficking of insulin receptor (50), epidermal growth factor receptor (51, 52), platelet-derived growth factor receptor, and pp60 (51). We speculate that the possible effect of Hsps on the increase in phagocytosis is part of the general response to stress. Thus, a rapid uptake of cell debris or necrotic cells formed after injury assures a reduction in damage propagation and control of the inflammatory response. The effective clearance of apoptotic cells avoids secondary complications due to postapoptotic necrosis. Moreover, this enhancement in phagocytosis during stress may play a role in the control of postinjury infections, which are the most common cause of secondary complications and mortality in trauma patients. Overall, this preactivation of professional phagocytes during the early stages of the stress response could be beneficial for preventing secondary complications and increasing prospects for survival after injury. Finally, our observations add phagocytosis to the large list of cellular processes that are potentially modulated by the presence of Hsps.
